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I ncreases in heart rate, myocardial contractility, arterial pressure, and ventilation occur with the onset of exercise.1-3 Peripheral feedback and central command are mechanisms that have traditionally been proposed to account for the autonomic cardiovascular and respiratory changes associated with muscular exercise. 4 The concept of central command invokes a feedforward mechanism by which activation of cardiovascular and respiratory centers is accomplished by descending signals from the suprapontine regions that initiate somatomotor activity.5-7 Chemical or electrical stimulation of the subthalamic locomotor region (STLR) in the hypothalamus in animals produces both locomotion and increases in cardiopulmonary function,8-1 which simulate the responses to voluntary exercise in humans. Similar findings have been reported during spontaneous locomotion in unanesthetized decorticate cats. [8] [9] [10] Although these studies5-11 have provided support for a role of central command in the cardiorespiratory adjustments to exercise, an area of recent controversy has been the role of central command in the sympathetic nerve responses to exercise. This controversy originated several years ago from studies in humans involving direct intraneural recordings of sympathetic nerve activity during exercise.'2 These and subsequent studies13-15 demonstrated that central command increases heart rate but elicits no or only modest increases in muscle sympathetic nerve activity in humans. A recent study'6 suggested that central command increases skin sympathetic activity in humans, but this increase consisted of sympathetic sudomotor activity and not vasoconstrictor activity. Thus, studies in humans in the past six years have failed to demonstrate that central command plays a major role in regulation of sympathetic neural vasoconstrictor activity in humans.
Sympathetic nerve activity has been recorded recently in response to posterior hypothalamic stimulation in cats17 and rats.18 Microinjection of the y-aminobutyric acid (GABA) antagonist picrotoxin into the posterior hypothalamus produced a marked increase in cervical17 and splanchnic'8 sympathetic nerve activity along with increases in arterial pressure and heart rate. The site of injection of picrotoxin in the study performed on cats17 was the same as that described for the location of the STLR,8-10 but locomotor activity was not documented. It cannot be concluded from this study that the sympathetic nerve responses emanated from activation of the locomotion neurons in the STLR as opposed to other neurons in the posterior hypothalamus. In The cats were placed in a stereotaxic device (David Kopf Instruments, Tujunga, Calif.) with the head flexed ventrally. The spinal processes of the lower cervical (C-7 through T-2) and lumbar (L-4 and L-5) regions were exposed and clamped, and the cats were suspended above the table to allow the limbs to move freely during locomotion. After ligation of the remaining external carotid artery, the cranium was removed, and decortication was performed according to the method described by Eldridge and colleagues.10 Briefly, the brain was sectioned transversely -10-12 mm anterior to the superior colliculi. The brain rostral to this section was removed by suction, and bleeding was controlled with Gelfoam (The Upjohn Co., Kalamazoo, Mich.). After decortication, no additional anesthesia was required. The cats were disconnected from the ventilator when they began to breath spontaneously.
Nerve recordings. Efferent sympathetic nerve activity was recorded from renal and/or lumbar sympathetic nerves (L-2 or L-3) that were exposed and isolated via a left lateral flank incision. After cutting the nerve, the sheath was removed from the proximal end, and the nerve was placed on bipolar platinum electrodes and covered with a mixture of paraffin oil and vacuum grease to avoid desiccation. In the unparalyzed cats, the nerves were secured to the electrodes with dental epoxy (Reprosil, Dentsply International, Milford, Del.) to prevent nerve damage and minimize motion artifact during locomotion. Protocol 5: Electrical activation of STLR. In four cats, locomotion was induced by electrical stimulation in the STLR. The STLR was identified using a combination of stereotaxic coordinates and characteristic responses to electrical stimulation. This approach has been followed previously using the same animal model8-11,20 and is briefly described below. A bipolar stimulating electrode (100 kfl, Frederick
Haer and Co., Brunswick, Me.) was inserted into the STLR using the following stereotaxic coordinates: A9, L1-L2, and H-3.8 Stimulus trains were delivered by passing current ranging from 25 to 300 ,uA with a 200-,usec pulse duration at a frequency of 50 Hz. If coordinated limb movement did not occur with stimulation at this site, the electrode was repositioned dorsoventrally within a tract or moved to another position within a 1-mm radius of this location until a responsive site was found. Sympathetic and hind limb nerves were then placed on recording electrodes, and the cat was ventilated with a respirator and then paralyzed with gallamine triethiodode to eliminate feedback from the exercising muscle. Locomotion in these baroreceptor intact cats was monitored under these conditions by recording hind limb motor nerve activities.
Data Analysis
Arterial pressure, renal sympathetic nerve activity (RSNA), lumbar sympathetic nerve activity (LSNA), phrenic nerve activity, and EMG or motor nerve activity were recorded and stored on FM (model G Recorder, A.R. Vetter Co., Rebersburg, Pa.) or VHS (model 4000 PCM digital processor, A.R. Vetter) tape for off-line analysis. The output from the tape was played back to an electrostatic recorder (model ES1000, Gould Inc., Cleveland, Ohio) for data analysis and figures. Control values for the above variables were obtained over 10-30 seconds during steady-state conditions before the onset of locomotion. The data from multiple (two to four) bouts of locomotion for each cat were averaged to obtain a single value for each cat, and entries represent the average response for each cat. RSNA and LSNA were integrated after full-wave rectification of the nerve signal and placed into 1-second bins. Control values were averaged over 10-30 seconds and compared with the peak mean arterial pressure (MAP), RSNA, and LSNA responses during locomotion. The voltage from phrenic nerve activity was integrated using 100-msec time bins, and minute activity was computed.10 Phrenic nerve minute activity was calculated as the product of tidal activity (peak phrenic activity) and respiratory frequency.
The timing of the activation of RSNA with respect to the onset of rhythmic locomotor activity was analyzed in cats in which bilateral hind limb EMG or motor nerve activity was recorded. Recordings were examined visually for an obvious burst of sympathetic nerve activity correlated with the onset of locomotion. Two investigators independently inspected each recording to determine the relation between onset of EMG or muscle nerve activity and sympathetic nerve activity. Time zero was taken at the beginning of the locomotor burst from the hind limb that first exhibited locomotion. Negative values indicate that RSNA preceded locomotor activity; positive values reflect activation of RSNA after the onset of locomotor activity.
Statistical analysis was performed using analysis of variance and Fisher's protected least significant difference post hoc test for multiple comparisons. 21 Values of p<0.05 were considered significant. Results were expressed as mean + SEM.
All experiments performed in this study complied with the guiding principles of the American Physiological Society on animal experimentation. Figures 3 and 4 . With the onset of fictive locomotion (Figure 3) , evidenced by the increased bilateral motor nerve activity, there were abrupt increases in RSNA and LSNA, followed by a slower rise in arterial pressure. With the cessation of fictive locomotion, sympathetic nerve activity returned promptly to or below control levels with a slower return of arterial pressure to control.
With spontaneous rhythmic fictive locomotion before barodenervation (Figure 4) , MAP increased by 43±6%, RSNA increased by 183+32%, and LSNA increased by 223+83%. During fictive locomotion after barodenervation, MAP, RSNA, and LSNA increased significantly by 56±14%, 226+42%, and 169±25%, respectively (Figures 3 and 4) tral command alone can increase sympathetic nerve activity during spontaneous fictive locomotion in a decorticate cat model in which confounding sensory inputs from muscle afferents and cardiovascular receptors could be effectively excluded. The major finding of the present study is that sympathetic nerve activity increased substantially during actual and fictive spontaneous locomotion and during electrical stimulation of the STLR in unanesthetized decorticate cats. This increase in sympathetic drive occurred in the absence of feedback from contracting muscles, arterial and cardiopulmonary baroreceptors, and arterial chemoreceptors. We observed both rhythmic and static patterns of motor activity during fictive locomotion. The responses of arterial pressure, RSNA, and LSNA were similar regardless of the pattern of motor activity. In the following discussion, these results are considered in the context of the potential contribution of "central command" to the autonomic responses to exercise.
Central Command and the Decorticate Cat Model of Exercise
The onset of exercise is associated with characteristic changes in autonomic outflow, which result in increases in arterial pressure and heart rate and in central respiratory drive. In the decorticate cat model for locomotor studies, the connections with cortical neurons have been severed. The decorticate animal is subject to episodes of spontaneous locomotion, often cyclical in pattern, without regulation by higher centers. It is well established that this locomotor behavior originates from neurons of the subthalamic locomotor center when the tonic inhibitory influence from higher centers is removed. It is conceivable that, under intact conditions, signals originating at the cortical level during exercise might importantly modulate the contribution of STLR neurons and central command. Thus, it is possible that the role of central command in this model might differ from that in intact animals or humans. In fact, the influences from higher centers may partially account for the differences in the response of sympathetic nerve activity observed between our study and those in humans (see below). Despite this caveat, insights concerning the role of central command have emerged from the decorticate cat model. We observed striking increases in RSNA and LSNA as well as arterial pressure during spontaneous locomotion and fictive locomotion after paralysis. In the fictive state, respiratory drive, as indicated by phrenic motor nerve activity, also increased, consistent with earlier studies.9'10 Similarly Eldridge et al10 have noted that increases in respiratory and arterial pressure did not differ during spontaneous locomotion versus fictive locomotion in this model. We observed that sympathetic nerve activity responses did not differ during spontaneous locomotion and fictive locomotion. The observation that muscle afferents do not contribute importantly to the sympathetic and pressure responses in this preparation is not surprising since the locomotion occurred without limb resistance. In the absence of a substantial workload, the stimulus to muscle metaboreceptors or to muscle mechanoreceptors would be minimal. Thus, our results do not totally exclude a role for muscle afferents in the exercise response. However, the results do indicate that signals originating from the STLR, when operating in isolation, are capable of engendering a prominent sympathoexcitatory response. This response might be construed to be representative of events occurring at the initiation of exercise before the development of substantial metabolic or mechanical stresses in exercising muscle.
Central Command Increases Sympathetic

Central Command Increases Sympathetic Nerve Activity Independent of Feedback From Baroreceptors
The precise role of the arterial and cardiopulmonary baroreceptors in the cardiovascular adjustments to exercise is controversial and undoubtedly complex. Earlier studies3233 suggested that exercise was accompanied by inhibition of baroreceptor reflexes. Ludbrook and Graham34 observed that the baroreflex control of systemic vascular resistance is suppressed at the onset of exercise but that, as exercise continues, the arterial baroreceptors regain their capacity to control the circulation. Moreover, evidence indicates that baroreceptor influences remain operative but are reset to a higher pressure during steady-state exercise.3536 In theory, this upward resetting of the baroreflex might account in part for the sympathetic response to exercise, since upward resetting would result in an increase in sympathetic drive for a given level of arterial pressure.
In the decorticate cat, we found that denervation of sinoaortic and cardiopulmonary baroreceptors had no effect on the magnitude of the peak increases in sympathetic nerve activity and arterial pressure. This observation indicates that central command can increase sympathetic nerve activity independent of baroreceptor reflexes. Our study was not designed primarily to determine the interaction of baroreceptor reflexes and central command during exercise, and we cannot exclude a role of baroreceptors in modulating the responses of central command during steady-state exercise. Nevertheless, our studies indicate that the baroreflexes are not essential for the sympathetic nerve activity response to central command. During the denervation procedure, peripheral chemoreceptor and pulmonary receptor inputs also were eliminated. Although these receptor regions could potentially modulate the responses to exercise, their elimination had no effect on the magnitude of the peak increases in sympathetic activity in our preparation. In fact, the increased ventilation and slight hypocapnia that may occur during exercise in the spontaneously breathing unparalyzed cats would tend to minimize rather than enhance the increase in sympathetic nerve activity. In addition, in the paralyzed cats, ventilation was controlled, and any stimuli to the chemoreceptors would be further minimized. These data suggest that neither baroreceptors, chemoreceptors, nor pulmonary receptors account for the sympathetic nerve activity response to the onset of exercise in our study.
Timing of Locomotor and Sympathetic Changes
The onset of spontaneous rhythmic locomotion (actual and fictive) was associated with a virtually simultaneous increase in RSNA. Occasionally, sympathetic nerve activity preceded locomotion by a matter of milliseconds, but this was not a consistent finding. Since motor nerve or EMG activity was recorded only from the hind limbs, it is still conceivable that motor activity to forelimb muscles might have preceded any change in sympathetic discharge. Increases of arterial pressure, on the other hand, always followed the onset of locomotion and sympathetic nerve activity. Our results suggest that the onset of locomotion is associated with a parallel activation of sympathetic drive.
In the recording shown in Figure 6 , electrical stimulation of the STLR appears to activate RSNA before the onset of locomotion. Earlier activation of sympathetic nerve activity in this protocol would be consistent with the idea10 that mild electrical stimulation might first activate systems that are tonically active and above threshold (cardiovascular neurons) and then activate locomotor neurons that are normally below threshold. However, this finding is not conclusive, because only unilateral hind limb motor nerve activities were obtained in this series of studies.
Eldridge et al10 noted that respiratory and circulatory changes often slightly preceded the development of actual or fictive locomotion. However, these changes were not quantitated, and only one example each of actual and fictive locomotion was provided in support of their conclusion so that a direct comparison with our findings is difficult. Electrical stimulation of the STLR in this same study10 also appeared to activate respiratory activity and arterial pressure before the onset of locomotion, with a variable time lag. Despite the slight differences between our study and that of Eldridge et al, both studies support the conclusion that signals originating from the hypothalamus are responsible for locomotor, respiratory, and cardiovascular adjustments at the onset of exercise.
Physiological Implications
The augmentation of sympathetic drive in renal and lumbar nerves during locomotion may have important functional implications. An increase in RSNA by central command would be expected to increase renal vascular resistance and arterial pressure and thereby promote perfusion of contracting muscle. In studies of regional blood flow responses during electrical stimulation of the STLR, Waldrop et a120 observed increases in vascular resistance to the renal and gastrointestinal regions, with increases in blood flow to heart, diaphragm, and skeletal muscle. The increases in renal vascular resistance accompanying the pressor response to STLR stimulation could be caused by autoregulation or by sympathetic stimulation of the renal vasculature. Our findings suggest that the increased renal vascular resistance can be attributed to a pronounced increase in sympathetic drive to the renal vascular bed.
LSNA also increased during spontaneous fictive locomotion in our study. In this study, we measured LSNA at the L-2 and L-3 sympathetic chain region. At this level, lumbar sympathetic outflow supplies innervation to the hind limb skin and skeletal muscle as well as to abdominal visceral organs. Sympathetic outflow to skin regulates vasoconstriction and pilomotor and sudomotor activity.37 Sympathetic outflow to muscle regulates both cholinergic vasodilator and adrenergic constrictor influences.37 Our results might be consistent with the view that activity increases to vasoconstrict inactive regions and to vasodilate active muscles during exercise. However, Vissing and Victor16 have recently reported that, in humans, central command increases sympathetic sudomotor but not vasoconstrictor activity to skin. Other findings38 in humans indicate that central command increases sympathetic cholinergic vasodilator activity to muscle but does not contribute importantly to increases in sympathetic vasoconstrictor activity to muscle. The present study does not address the exact nature of the lumbar sympathetic pathways activated during spontaneous locomotion.
Our results indicating a relation between engagement of central command and striking increases in sympathetic nerve discharge with exercise should be discussed in comparison with recent studies in humans. First, a direct comparison between human and animal studies is rendered difficult by the fact that visceral nerves are not accessible for study in humans and also because selective sympathetic outflow to muscle beds has not Third, the nature of the "exercise" stimulus might contribute to the different responses to exercise observed in humans and in the decorticate cat model.
In the decorticate cat, the onset of locomotion appears to be associated with a diffuse activation of the sympathetic nervous system, as evidenced by increases in RSNA and LSNA in this study. That view is supported by the observation that cardiovascular and sympathetic responses can be elicited by microinjection of GABA antagonists in posterior hypothalamus. The association between enhanced sympathetic activity and locomotion was not examined in these latter studies.17 '18 In human studies measuring sympathetic nerve activity, the exercise has usually been limited to a relatively small muscle mass, and sympathetic nerve activity is commonly recorded from muscle regions that are voluntarily maintained in an inactive state. Under these conditions, the hypothalamic neurons effecting changes in autonomic activity may be more selectively engaged.
Conclusion
This study indicates that central command originating in the STLR in the unanesthetized decorticate cat model increases renal and lumbar sympathetic nerve activity. This increase in sympathetic drive can occur in the absence of feedback from contracting muscle and arterial and cardiopulmonary baroreceptors.
